The effect of exposure to the green laser light on the photoluminescence (PL) stability of CdSe/ZnS quantum dots (QDs) capped with either mercaptopropionic (MPA) or thioglycolic (TGA) acid was studied in aqueous suspensions and in the presence of bovine serum albumin (BSA). The results of absorbance and luminescence measurements suggest that the capacity of protein to change the coating structure of thiol-capped QDs and the stability of photoluminescence depends on the nature of stabilizing surface ligands. The interaction of BSA molecules with TGA-capped quantum dots increases their PL quantum yield (QY) and makes PL more stable, however, the effect is opposite for MPA-capped QDs. The light exposure instantly increases the PL intensity and the quantum yield of TGA-capped QDs but does not change those of MPA-capped QDs. In the medium with BSA, however, the occurrence of light-induced PL enhancement does not depend on stabilizing thiol ligands of QDs and it lasts for a relatively long period of time.
Introduction
Semiconductor quantum dots (QDs) -nanometre-size particles -have been widely used in the fields of medicine, biology, and material science. In comparison with organic dyes and fluorescent proteins, QDs have a narrow and tuneable emission band, a broad absorption spectrum, a high photoluminescence quantum yield and enhanced photostability [1] . Besides semiconductor core and shell, which determine the photophysical properties [2] , QDs usually have their surface capped with different ligands to prevent the aggregation and precipitation. High quality QDs (possessing a coating with good resistance to degradation) are necessary to minimize the release of Cd element in a living organism [3] . Because QDs are used in a living organism, the potential negative effects of these nanoparticles on biological systems could not be ignored [4, 5] . The QDs capped with hydrophobic organic ligands usually have a high fluorescence quantum yield [6] but are not suspendable in aqueous solutions. In order to be biocompatible nanoparticles with good colloidal stability, the QDs must be made hydrophilic and non-toxic. To make them suitable for the application in medicine, the surface of quantum dots has to be appropriately modified using various hydrophilic ligands [7] . The thiol acids that include mercaptopropionic acid and thioglycolic acid are chosen most often to improve the photochemical stability of quantum dots in the aqueous solution [8] . However, not only the coating of the surface can change the spectroscopic properties of QDs [2] , but also the surrounding environment [9] and exposure to light [10, 11] can affect the QDs photoluminescence. Thus, optical spectroscopy becomes a useful technique to assess the quality and biocompatibility of QDs on the basis of their spectroscopic properties (the quantum yield of photoluminescence, the features of emission spectra) being measured under various model conditions.
In this study, we applied spectroscopic methods to compare the stability and photostability of negatively charged CdSe/ZnS quantum dots that were capped with several thiol-based stabilizing ligands and suspended in an aqueous medium. The effects of two factors, the interaction between QDs and bovine serum albumin (BSA) as well as the exposure of QDs to the green laser light, on the photoluminescence properties of QDs have been investigated.
Materials and methods
Absorption and steady state fluorescence spectroscopy measurements were performed on CdSe/ZnS quantum dots (Invitrogen, USA), the surface of which had been modified with thioglycolic (TGA) or mercaptopropionic acids (MPA) (PlasmaChem GmbH, Germany) in the Biomedical Physics Laboratory, Institute of Oncology, Vilnius University, to make them watersoluble (Fig. 1) . Studies involved two batches of TGAcapped QDs (batches No. 1 and No. 2), which were independently modified in accordance with the same protocol, and one batch of MPA-capped QDs.
Quantum dots were suspended in a phosphate buffer solution (0.05 M, pH 7) and in a solution with bovine serum albumin (BSA) (Albumin, V fraction, M = 69,000 g/mol, Carl Roth GmbH, Germany). The final concentration of QDs (c = 3.6 • 10 -7 M) was prepared from the stock solution at a dilution ratio of 200. The final concentration of BSA in samples with QDs was 10 -5 M. The continuous-wave semiconductor laser (532 nm, 38 mW/cm 2 ) was used to irradiate the samples. The samples were exposed to the laser light in a 10 × 4 mm quartz cuvette (Hellma, Germany) and the spectral measurements were performed immediately after the light exposure. Different irradiation times were chosen for different experimental sessions, as shown in the figures. The volume of each sample was 2 ml. Between the measurements the samples were kept in the dark at +4 °C.
The initial absorbance spectra were measured immediately after the modification of QDs surface with a Varian Cary Win UV absorption spectrometer (Varian Inc., Australia). The initial photoluminescence (PL) spectra were measured with a Varian Cary Eclipse spectrofluorimeter (Varian Inc., Australia). An excitation wavelength for photoluminescence was set at 405 nm, the excitation and emission slits were 5 nm. For the rest of experiments an Avantes AvaSpec-3648 fibre optic spectrometer (Avantes, Netherlands) was used to register absorption spectra, and a PerkinElmer LS55 spectrofluorimeter (PerkinElmer, USA) was used to register PL spectra. An excitation wavelength for PL was set at 450 nm, the excitation slit was 4 nm, and the emission slit was 3 nm.
Quantum yield (QY) of the photoluminescence of quantum dots was calculated according to the Formula [12] : , where the s subscript refers to the standard specimen and other symbols have the following meanings: Φ is the quantum yield, A is the absorbance at the excitation wavelength, Int is the integrated emission area across the band (in inverse centimetre scale), n is an index of refraction. The rhodamine B (c = 4.7 • 10 -6 M) in 64% w/w aqueous ethanol was used as the standard solution.
The fluorescence quantum yield Φ s of rhodamine B is 0.7 for excitation at 510 nm and 0.65 for 610 nm [13] . According to another study, the rhodamine B quantum yield is 71% and depends on the temperature [14, 15] . Thus, for excitation at 450 nm being applied in this study, Φ s = 0.7 was used (Formula). Since the samples were measured in the aqueous media and the standard solution was measured in 64% ethanol, the corresponding refractive indexes of water (n = 1.34 [16] ) and of 64% ethanol solution (n s = 1.36 [17] ) at 20 °C were included in QY calculations. The errors of PL QY of QDs were evaluated taking into account the systematic errors of absorption measurements (±0.001 o. d. u.). The calculated values of PL QY are summarised in the tables.
results
The initial absorption and photoluminescence spectra of CdSe/ZnS quantum dots, which were registered in aqueous suspensions of the same QDs concentration, immediately after the modification with a stabilizing ligand (TGA or MPA), are presented in Fig. 2 TGA-capped and MPA-capped QDs after a month of storage, when the experiments with light and BSA were started. However, the changes occurred in the PL spectra of TGA-capped QDs during subsequent experiments as well as in those samples, which were prepared from the stock solution after longer periods of storage.
TGA-capped quantum dots
The measurements of absorption and PL spectra of TGA-capped QDs modified in accordance with the same protocol, showed some differences in spectral properties between the samples of QDs prepared from batches No. 1 (TGA-QDs-1) and No. 2 (TGA-QDs-2) ( * Dark means non-exposed; light means exposed to laser light; t exp is time of irradiation, values of PL QY of exposed QDs after exposure. PL excitation wavelength was 450 nm.
were detected in the absorption spectra of TGA-capped QDs from batch No. 2, the PL band shifted from initial 546 nm to 549 nm, and the precipitation has occurred. Different exposure doses were applied to investigate the light-induced short-term effects on TGA-capped QDs in the solutions without BSA. The histogram in Fig. 3(b) shows the increase of the photoluminescence QY of irradiated QDs compared with non-irradiated QDs after five minutes (batch No. 1) and fifty minutes (batch No. 2) of exposure. The initial quantum yield of TGA-QDs-1 was a little higher than QYs of two TGA-QDs-2 samples at a zero day of the experiment (Table 1) . It has to be noted that the PL intensity of each TGA-QDs-2 sample prone to precipitation was repeatedly measured three times immediately after mixing. Therefore, the errors of PL QY for TGA-QDs-2 included the calculated standard deviation of the measured PL intensity (±10 a. u.). The PL quantum yield of TGA-QDs-1 slightly increased after exposure to light for 5 minutes at the zero day. When TGA-QDs-2 samples were exposed after two days, their PL intensity increased slightly after the exposure for 5 minutes and the saturation was reached at about 50 minutes (Fig. 3(c) ), when the quantum yield increased by a few percents. After two weeks the PL QY diminished for QDs samples from both batches, but while the QY of non-exposed TGA-QDs-2 was higher than the QY of exposed TGA-QDs-1, it remained lower than the QY of their exposed counterparts.
The presence of BSA in the suspension also affected the spectroscopic properties of TGA-capped CdSe/ ZnS quantum dots (c = 3.6 • 10 -7 M). The intensity of absorbance of TGA-QDs-1 has increased becoming almost the same as that of TGA-QDs-2. No further spectral changes in QDs absorbance were observed during the period of experiments. It is notable that while the PL intensity of TGA-QDs-1 decreased in the suspension without BSA within the first 2.5 hours after the sample preparation, the PL intensity stayed stable in the suspension with BSA during these hours (Fig. 4(a) ). However, the increased PL intensity of QDs was observed after the exposure of samples to the laser light for five minutes irrespective of the absence or the presence of protein (Fig. 4(b) ). The calculated value of the initial PL quantum yield of TGA-QDs-1 was about 38% (Table 1, Fig. 5 ). Similarly as the PL intensity, the PL QY of samples also decreased without BSA but remained stable with BSA during the first 2.5 hours. The PL QY of the exposed quantum dots increased by a few percents, but in the suspension with BSA the QY increased slightly more than in the suspension without BSA. Moreover, after a day the PL QY of QDs in the suspension with BSA increased by some percents regardless of whether the samples were exposed to light or not. At the same time the PL QY of QDs without BSA decreased by a few percents. After five days the decrease of QY was observed for all samples of TGAQDs-1. The PL QY of exposed QDs in the suspension without protein was almost half as high as the QY of non-exposed QDs in the medium with protein. The value of PL QY for QDs, which underwent a combined treatment (were exposed to light in the presence of BSA), remained the highest. At the 5th day the samples were exposed for the second time to a doubled light dose (10 min), but in this case the exposure had no effect on the PL QY for QDs in the sample without BSA or the PL QY increased only a little (for QDs in the sample with BSA). After two weeks, in the suspension with BSA the PL quantum yield of non-exposed QDs further decreased for about one third of the initial TGA-capped QDs from batch No. 2 prepared from the stock solution after storage for two months. Such storage period had no effect on the initial absorbance intensity and spectral features of the last absorption band. However, the spectral position of the PL band of these QDs samples was shifted to a red side at 553 nm ( Fig. 3(a) ), and the precipitation was observed. The presence of BSA induced no changes in intensity and the spectral position of the last band of TGA-QDs-2 absorbance during the period of experiments. The initial values of the PL QY of TGA-QDs-2 were lower than in the previous experiments reaching about 20% and increased by a few percents after the day (Table 2, Fig. 6 ). In the suspensions with BSA the initial values of the PL QY of TGA-QDs-2 were similar as in pure suspensions and increased in about the same few percents after the day. After exposure to light for 15 min on the next day (at about 24 hours value. However, the relative decrease in the PL QY of exposed QDs was slight. Within two weeks the spectral PL band shifted 3 nm towards shorter wavelengths in all QD samples with protein, while no spectral changes were observed in samples without protein.
The combined effect of light and protein has also been measured on photoluminescence properties of Fig. 6 ).
MPA-capped quantum dots
In order to compare how the spectroscopic properties of modified QDs depended on the surface ligands, the effects of light and protein have been measured on the photoluminescence of MPA-capped CdSe/ZnS quantum dots (Table 3 , Fig. 7 ). As mentioned earlier, the initial value of the PL quantum yield of MPA-capped quantum dots was higher than that of TGA-capped QDs. The PL intensity and the quantum yield of MPAcapped QDs did not change in the suspension without BSA within three days varying about the mean value of 58%. There were no notable changes in the spectroscopic properties of MPA-capped QDs even after their exposure to light. However, after three days the PL QY of exposed QD was slightly higher. The addition of BSA into the samples caused a rapid decrease in the PL quantum yield of MPA-capped QDs, but not in the PL QY of TGA-capped QDs. Also, the PL band of QDs broadened slightly for one nanometre towards shorter wavelengths. Exposure to light for 15 minutes had no additional effect on the PL QY of QDs. Further decrease of the PL QY was observed after four and six days, but then, like in the pure suspensions, the QY of exposed MPA-capped QDs was higher. * Dark means non-exposed; light means exposed to laser light; t exp is time of irradiation, values of PL QY of exposed QDs after exposure. PL excitation wavelength was 450 nm. Fig. 7 . The changes of PL quantum yields of MPA-capped QDs on time in solutions with and without BSA; nonexposed (dark) and exposed to laser radiation (light); t exp is time of irradiation. PL excitation wavelength was 450 nm. 2) on time in suspensions with and without BSA, both non-exposed (dark) and exposed to the laser radiation (light); t exp is time of irradiation. PL excitation wavelength was 450 nm.
Discussion
In this study we compared the effects of light and protein (BSA) on the photoluminescence stability of thiol-capped (TGA and MPA) QDs after the surface modification that made them water-suspendable. Despite the fact that the surface of TGA-capped QDs in both examined batches was modified according to the same protocol, some differences between the samples were observed spectroscopically. Firstly, the last absorption band of TGA-QDs-1 was broader at the blue side in comparison with the absorption band of TGA-QDs-2. Secondly, the spectral position of the PL band of TGA-QDs-1 did not change in pure aqueous solutions (548 nm), but shifted towards a blue side at 545 nm in suspensions with BSA after two weeks of the experiment, while the PL spectral band of TGA-QDs-2 shifted towards longer wavelengths ( Fig. 3(a) ) and the precipitation was observed regardless of the presence of protein.
The initial values of PL QY were higher for TGA-QDs-1 than for TGA-QDs-2 (Table 1 , Fig. 3(b) ). However, the later comparison between TGA-QDs-2 and TGA-QDs-1 showed the opposite situation after two weeks (Table 1 , Fig. 3(b) ). The relatively reduced stability of TGA-QDs-1 photoluminescence could be a result of accidentally formed structural variations during the modification procedure, presumably leading to increased numbers of defects in the coating layer and diminished insulation of the QDs surface. Aggregation of suspended QDs takes place when the surface stabilizing ligands are removed from the nanocrystal surface via protonation [18] or, possibly, photooxidation [8] . The bathochromic shift of the PL band of TGA-QDs-2 in suspensions, which were prepared from the stock solution after two months of storage, was even bigger than that in earlier prepared QDs samples -after two experimental weeks. Thus, the observed differences in spectral properties (such as a decrease of PL QY and a shift of the PL spectral band towards longer wavelengths) together with precipitation reflected the higher aggregation state of TGA-QDs-2. The dilution of the stock solution with an aqueous medium kept the PL intensity and QY of TGA-QDs-1 reduced not only within the first 2.5 hours but also after a day (Table 1, Fig. 5) , however, the PL intensity and QY of the TGA-QDs-2 increased (Table 2, Fig. 6 ). Such variation can be explained by the change in the dynamic equilibrium of an aggregation state of TGA-QDs-2 diluted in the aqueous medium when the rising numbers of detached QDs increased the PL intensity and the QY. Thus, we suppose that time-dependent spectral differences observed between TGA-capped QDs from two batches can be resulted by lower stability of the capping layer formed from the stabilizing ligands in the case of TGA-QDs-2, which reduces its capacity to prevent aggregation in comparison with TGA-QDs-1.
Despite the differences between TGA-capped QDs from two batches, the addition of BSA in the medium enhanced the PL intensity and QY of both TGA-QDs-1 (Table 1, Fig. 5 ) and TGA-QDs-2 ( Table 2 , Fig. 6 ) within a day after the preparation of samples. It was reported that the denatured BSA can be conjugated to the surface of QDs and thereby improve the chemical stability and the PL QY of the water-soluble CdTe QDs [19] . As it was noted earlier, after two weeks the PL spectra of the TGA-QDs-1 suspended with BSA became blueshifted and the PL QY decreased. Nevertheless, it was still higher than the PL QY of QDs in pure suspensions. These observations could be explained by the gradual removal of TGA molecules from the QDs surface in the presence of BSA. It has been found that the interaction with BSA improved the PL of TGA-capped QDs, but not at the initial phase [20] . The interaction of water suspended QDs with protein could lead to the formation of an additional coating layer that stabilizes quantum dots [20, 21] . Thus, the BSA-induced increase of the PL QY of TGA-capped QDs is sustained, but the enhancement of QDs stability is a short-term effect (Table 1, Fig. 5 ).
Comparing the two types of QDs capped with stabilizing ligands having a thiol group (TGA or MPA), we observed that the PL QY of MPA-capped QDs (Table 3 , Fig. 7 ) in the aqueous suspension without protein was higher and remained more stable than the QY of TGA-capped QDs (Table 1, Fig. 5 ). It was shown in another study that the chain length of the stabilizing ligand is an important factor controlling the stability of QDs [22] . Indeed, the MPA ligands with longer chains enhanced the photoluminescence stability more than TGA. Moreover, while the addition of BSA in the medium increased the PL intensity and QY of TGAcapped CdSe/ZnS quantum dots (Table 1, Fig. 5) , it decreased the PL QY of MPA-capped QDs (Table 3 , Fig. 7 ) [23] . These observations imply that BSA cannot properly attach to the surface of QDs when longer chains of MPA molecules are present in the surrounding medium, and their interaction with BSA molecules might impair the formation of the protein coating layer. Thus, the capacity of protein to modify and stabilize/ insulate the QDs surface can be strongly influenced by the nature of stabilizing ligands.
The exposure to green light induced the instant increase of the PL intensity and QY of the studied thiolcapped QDs in suspensions without BSA (Fig. 4(b) ).
Comparison between non-exposed and exposed samples did not show any light-induced shifts of QDs spectral bands. The PL intensity and QY of the exposed TGA-QDs-1 increased by a few percents but no more than up to initial values (Table 1, Fig. 5 ). At this point (Table 2, Fig. 6 ), the PL intensity and QY of the exposed TGA-QDs-2 also increased by the same few percents above the values before irradiation but below the initial values (Table 1, Fig. 3(b) ). Thus, the light-induced instant increase of the PL intensity and the QY is the effect independent on the initial stability of the capping layer on QDs surface. However, no general consensus on the reasons of the short-term enhancement of PL has been reached yet. Some suggested mechanisms include the photoneutralization of the local charged centres inside and outside the QDs [24] , the elimination of the topological surface defects [25] [26] [27] , the passivation of the surface trap states by photoadsorbed molecules [10, 11, 28] , for example, water molecules [29, 30] and the photoinduced rearrangement of surface stabilizing agents [2, [31] [32] [33] . The reason why the MPA-capped QDs possessed higher values of the PL QY and enhanced stability than the TGA-capped QDs might be an unequal effect that these thiol ligands had on PL self-quenching. The MPA ligands with longer chains can hold nanoparticles farther apart from each other and form a more stable surface capping layer than TGA ligands with shorter chains. Light did not affect the PL QY of MPA-capped QDs (Table 3 , Fig. 7 ) but increased the QY of TGA-capped QDs (Tables 1-2, Figs. 5-6). For the latter case, the light-induced rearrangement of the stabilizing agents or photoadsorbed molecules in the surface layer might diminish selfquenching of thiol-capped QDs causing the increase of photoluminescence.
In the absence of light the decrease of the PL QY of thiol-capped QDs exposed in the suspension with BSA was observed during several days (Tables 1-3 , Figs. 5-7) . However, the PL QY of TGA-capped QDs was still higher than before irradiation and also higher than the QY values of non-exposed control samples (Tables 1-2, Figs. 5-6 ). While in the case of MPAcapped QD the decrease of the PL intensity and the PL QY was observed independently of light exposure within 15 minutes after addition of BSA, after a week the PL QY of exposed MPA-capped QDs was greater than the QY of non-exposed QDs (Table 3 , Fig. 7 ). Despite the obvious effect of stabilizing ligand's nature on the interaction with protein, the enhancing effect of light on photoluminescence of QDs in the suspension with BSA takes place independently on the surface ligands. The light-induced PL enhancement of thiolcapped QDs is instant and also relatively long-lasting in the presence of BSA in comparison with the samples being exposed without protein. Such combined effect of light and protein might be caused by the reduction of PL self-quenching in the exposed samples and the steric interactions between suspended QDs with adsorbed BSA molecules keeping nanoparticles farther apart from each other.
Conclusions
This study aimed to investigate the changes of the photoluminescence intensity and the quantum yield of thiol-capped (TGA or MPA) quantum dots influenced by external factors: the exposure to the green light and the presence of protein (BSA). The capacity of the protein to modify and stabilize the surface layer of thiol-capped QDs can be strongly influenced by the nature of stabilizing ligands. The BSA molecules cannot improve the stability and the PL QY of MPAcapped QDs, while it can improve the PL intensity and the PL QY of TGA-capped QDs. The increase of the PL QY of TGA-capped QDs is presumably caused by the formation of an additional coating layer of BSA that provides additional stabilization and insulation for the surface of quantum dots. The light can increase the PL intensity and QY of thiol-capped QDs and this instant increase might be caused by the photoadsorption of water molecules on the QDs surface or the rearrangement of stabilizing ligands leading to decreased PL self-quenching. The light-induced PL enhancement of thiol-capped QDs occurs independently on the nature of stabilizing ligands and is relatively long-lasting in the medium with BSA, presumably, due to the stabilisation of decreased PL self-quenching by steric interactions between BSA molecules on the surface of QDs. Since both light exposure and BSA act as independent factors, their mutual effect on the PL intensity and the QY of thiol-capped QDs might be suppressive or enhancing with respect to untreated samples depending on the nature of stabilizing ligands. However, the green light never reduces the PL of thiol-capped QDs and the presence of BSA enhances its positive effect.
